Introduction
Fishes are among the most introduced groups of aquatic animals in the world due to human societal demands for food sources, sport fishing opportunities, ornamental fish trade, and fishery enhancement (Gozlan 2008) . The positive revenue contribution of sport fishing in the US has been estimated as 69 billion ($US) annually, with an associated 5.4 billion ($US) in economic losses due to non-natives (Bjergo et al. 1995) . Overall economic benefits are challenging to tabulate, as control and/or eradication costs for pest species are generally not included in economic analyses, let alone the collateral impacts of agriculture or land use restrictions (Pimentel et al. 2005) . Nonnative fishes can have complex biological impacts on native species and their ecosystems through competition, hybridization, novel disease exposure or habitat alteration (Gozlan et al. 2010) . Notable examples of documented adverse effects from non-native fish invasions are brown trout (Salmo trutta) in New Zealand (McDowall 2003) and the Nile perch (Lates niloticus) introductions into Lake Victoria (Pringle 2005) .
Despite potential ecological risks, human-mediated introductions have been common for salmonid species, in particular rainbow trout (Oncorhynchus mykiss), brown trout (S. trutta) and brook trout (Salvelinus fontinalis). Germane to the present study, introduced and invasive brook trout pose a threat to the persistence of bull trout (Salvelinus confluentus), a char native to northwestern North America, in their southern range due to competition (Gunckel 2001) , overlapping spawning times, and the ability to produce viable hybrids (DeHaan et al. 2010) . Myriad habitat factors have also imperiled bull trout, which is listed at the species level as threatened under the US Endangered Species Act within the Continental US. In portions of its range, the development and implementation of a comprehensive brook trout eradication and control strategy was listed in the 2015 US Fish and Wildlife Bull Trout Recovery Plan as 'an action that must be taken to prevent extinction or prevent the species from declining irreversibly in the foreseeable future' (US Fish and Wildlife Service 2015).
Non-native brook trout exist in high numbers in the Upper Malheur River Watershed, located in Eastern Oregon (Fig. 1) , where they are well-documented as detrimental to native trout species (Gunckel 2001) . As part of the collaboratively-developed Upper Malheur Watershed Bull Trout Conservation Strategy, the Burns Paiute Tribe is proposing a 10-year effort designed to eradicate brook trout from headwater systems using the piscicide rotenone to benefit bull trout (Burnes Paiute Tribe, Resolution 2018-09). As closed systems, lakes are more amenable to successful application of biocides than rivers (Britton et al. 2009 ). Upper Lake Creek and its alpine source, High Lake, flow through Tribally-owned land and have been identified as the starting point for brook trout eradication efforts (Fig. 1) . With brook trout identified as a limiting factor to the recovery of ESA-listed bull trout in the Malheur Watershed (US Fish and Wildlife Service 2002), the success of an eradication strategy has direct implications for how the Burns Paiute Tribe manages its property and natural resources.
An important aspect of any fish eradication strategy is the determination of treatment phase success at removing all individuals. Methods previously used for this purpose, such as electrofishing and gill nets, are labor-intensive and less sensitive than environmental DNA (eDNA) analysis (Civade et al. 2016; Evans et al. 2017) . Determining the presence of a species using traditional methods becomes even less reliable when the target species is rare, as would be the case if survival is minimal after piscicide application. Additionally, these methods are limited in that they cannot confidently determine the absence of fish, even if no fish are captured. While eDNA sampling and detection probabilities are affected by adverse sampling conditions, such as high turbidity and low sample volumes per filter, they can be improved by increasing the number of filter replicates and therefore total volume sampled. Environmental DNA sampling has the potential to be an ideal tool for effectiveness monitoring of fish removals because of the associated ease of collections, and its cost-effectiveness, sensitivity, and high probability of detecting small numbers of remaining fish (Rees et al. 2014; Jane et al. 2015; Civade et al. 2016; Wilcox et al. 2016) . Additionally, unlike mechanical sampling methods, there is no potential for avoidance behaviors because eDNA sampling involves indirect observation that does not require capture or handling of any individuals. The successful use of eDNA as a tool for species detection has been demonstrated in freshwater environments (Teletchea 2009; Thomsen et al. 2011; Jerde et al. 2011; Laramie et al. 2015; Civade et al. 2016) .
The present study documents the establishment of a species-specific quantitative polymerase chain reaction (qPCR) assay for brook trout along with controlled field sampling experiments to determine the detection parameters of a single individual fish using eDNA methods. The study was designed to determine the minimum threshold for the detection of brook trout eDNA to optimize effectiveness monitoring of brook trout removal from purposed eradication efforts. The sampling recommendations developed by this project will refine the technology's application and enhance transferability and use by providing a consistent and statistically sound sampling procedure. Credible detection processes will streamline land management decisions and provide cost effective means of conclusively determining the presence or absence of fish on a species-specific basis. 
Materials and methods

DNA barcoding and qPCR assay design
In 2011, 29 right pelvic fins of brook trout were collected and placed loosely in an envelope and allowed to dry before flattening (Oregon Scientific Taking Permit #16297, Supplemental Table 2 ). Filter paper was not available to dry out the fin clips, so fins were placed loosely on paper partially within an envelope to air dry prior to closing. Using Qiagen DNeasy blood and tissue kit (Qiagen Inc.) total DNA, genomic and mitochondrial, was extracted from six fin clips following manufacturers guidelines.
To design a species-specific 5 0 exonuclease assay, a 485 bp segment of the mitochondrial cytochrome b gene (Cytb) was sequenced for six brook trout using conserved animal primers, H15149 and L14724 (Kocher et al. 1989; Irwin et al. 1991) . Resulting Cytb sequences were aligned using Sequencher software version 4.8 (Gene Codes). Using the 485 bp fragment from the brook trout Cytb region as a template, a BLAST search was conducted against the NCBI nucleotide database to search for a sequence of conserved DNA specific to brook trout while having the greatest amount of heterogeneity compared to closely related co-existing species. From this conserved region of the brook Cytb gene, a forward primer, reverse primer, and a species-specific probe were designed using Primer Express Ò Oligo Design software (Applied Biosystems) to perform a 5 0 exonuclease (TaqMan TM MGB Probe) assay (Table 1 ). An additional BLAST search was conducted on the assay amplicon to ensure in silico specificity.
qPCR assay validation
The assay was optimized following Thermo Fisher Life Technologies protocol for the optimization of primers and probe. For samples used to validate the species-specific assay, PCR was performed in a 10 lL total volume containing: 4 lL DNA template, 2X TaqMan Ò Master Mix (Thermo Fisher Life Technologies) with optimized concentrations of both forward and reverse primers and for the probe. Thermal cycling occurred with Bio-Rad's CFX 96 real-time detector under the following conditions: initial enzyme activation of 10 min at 95°C, 40 cycles of 15 s denaturation at 95°C, 1 min annealing/extension at 60°C. The number of PCR cycles required for reaction fluorescence (C(q)) values were quantified using CFX Manager TM (version 3.1; Bio-Rad). The assay was also validated in vitro for specificity by testing for cross reactivity with a panel of common fish species including: Salvelinus confluentus (bull trout), Oncorhynchus mykiss (rainbow trout), Alosa sapidissima (American Shad), Percina macrolepida (bigscale logperch), Pomoxis nigromaculatus (black crappie), Lepomis macrochirus (bluegill), Cyprinus carpio (common carp), Ictalurus punctatus (channel catfish), Micropterus salmoides (largemouth bass), Spirinchus thaleichthys (longfin smelt), Menidia beryllina (Mississippi silverside), Gambusia affinis (mosquito fish), Clupea pallasii (Pacific herring), Cottus asper (prickly sculpin), Lepomis gibbosus (pumpkinseed), Catostomus occidentalis (Sacramento sucker), Tridentiger bifasciatus (shimofuri goby), Pogonichthys macrolepidotus (Sacramento splittail), Morone saxatilis (striped bass), Dorosoma petenense (threadfin shad), Hypomesus nipponensis (wakasagi smelt), Ameiurus catus (white catfish), Pomoxis annularis (white crappie), and Acanthogobius flavimanus (yellowfin goby). Eight no-template controls were included per plate and the threshold was set above background fluorescence. No contamination was observed in the no-template control samples. A cross amplification panel was tested in triplicate. Sensitivity of the assay was determined by tenfold serial dilution of a positive control derived from brook trout fin clips with a concentration ranging from 20 to 0.00002 ng/ lL. A brook trout DNA standard curve was constructed to determine the slope (qPCR efficiency), Y-intercept, and R 2 values.
eDNA field sampling and sample analysis
Transect associated with electrofishing survey
Approximately 10 km of Lake Creek up to and including High Lake was surveyed by Burns Paiute Tribal staff at 84 sites in the summer and fall of 2014 for the presence of bull trout and brook trout. Thirty sites were randomly chosen from the 84-site regime to collect eDNA (water) samples, with all sites surveyed for brook trout using standard visual survey methods. The intent of this sampling was to corroborate brook trout eDNA detections using a designed brook trout qPCR assay with electrofishing confirmation of brook trout presence. During the summer sampling event, eDNA (water) samples were obtained from 18 (of the proscribed 30) sites in Lake Creek and nine eDNA (water) samples were obtained from High Lake ( Table 2) . During the fall sampling event, eDNA samples were taken from the 30 prescribed sites and nine eDNA samples were taken from High Lake ( Table 2) . Environmental DNA samples were obtained from field sites using water filtration procedures following Bergman et al. (2016) and Blankenship and Schumer (2017) . Water was pumped from the stream using a battery operated peristaltic pump, with organic material sequestered in a Millipore Sterivex TM Filter Column (MilliporeSigma). Each eDNA sample was collected using sterile single-use materials and filters were kept on ice while in the field. Filters were frozen prior to shipping, and all filters were shipped overnight on blue ice to Cramer Fish Sciences in California for processing and analysis.
Field experiments: volume and distance sampling from known source Field tests were conducted to examine relationships between filtered volume, number of replicate samples, distance from source, and the strength of eDNA detection. Due to the ubiquitous presence of brook trout in the Upper Malheur Watershed, rainbow trout and smallmouth bass were used as proxies for experimental distance tests (Supplemental Table 3 ). Previously validated species-specific qPCR assays were used for rainbow trout and smallmouth bass (Brandl et al. 2015) . Cages were used to hold experimental fish at fixed stream locations and eDNA samples were taken 16-24 h after installation of a single test fish subject at prescribed distances downstream of cage location (100, 250, 500 and 1000 m). Cages were installed at sites within a system where proxy fish species were known to be absent. Background or negative control samples were collected within test sites to ensure that neither naturally introduced nor exogenous DNA from either surrogate species was present before or during the experiment.
Field sampling events occurred two or three times a year during different flows and temperatures from 2015 to 2017 (Supplemental Table 4 ). Sampling events yielded filtered water samples of varying volumes, representing multiple distances and numbers of replicates (Table 2) . Flow, temperature, and turbidity were measured in situ according to modified Oregon Department of Environmental Quality Protocols (DEQ). Rosgen classifications for each sampled reach were used to facilitate information transferability and to assist in data interpretation, as these were 2.0 (1) 250 1 2017 1 0.5 (1), 1.0 (1), 1.5 (1), 2.0 (1), 2.5 (2), 3.0 (2), 3.5 (2), 4.0 (2) 500 12 2017 2 0.5 (1), 1.0 (9), 1.5 (1), 2.0 (1), 2.5 (1), 3.0 (1), 3.5 (1), 4.0 (1) 500 16 2017 3 0.5 (1), 1.0 (2), 1.5 (2), 2.0 (2), 2.5 (2) 500 9
readily available for proposed reaches and are a widely utilized stream habitat classification system (Rosgen 1994) . Experimental stream reaches were selected according to a perceived carrying ability of streams based on hydrologic settings including gradient, flow, and temperature in order to obtain a sampling distance that can be applied watershed-wide. Three river sites were selected where smallmouth bass were absent: Meadow Fork of Big Creek (high gradient), Summit Creek (moderate gradient), and Lower Lake Creek (low gradient). For the 2016 experiments, smallmouth bass test subjects were killed prior to installation into cages to avoid accidental release. Permitting restrictions required that any smallmouth bass used as part of this study must be dead prior to use in the field. While evidence suggests the probability of detecting eDNA of live fish differs from that of dead fish (Kamorof and Goldberg 2018), we did not calculate the difference in probability as part of this study. All 2017 sampling events occurred in Lake Creek above Lake Creek Falls. Live rainbow trout were the experimental subjects installed in cages, as rainbow trout are not present upstream from Lake Creek Falls.
Laboratory analysis
DNA from all samples and controls were extracted using PowerWater Sterivex TM DNA Isolation Kit (Qiagen, Inc.) following the manufacturer's recommended guidelines. A DNA extraction negative control was processed in parallel to ensure sample integrity throughout the extraction procedure. The DNA extraction control consisted of Sterivex TM filtered ultrapure water only. DNA extraction controls were processed using the same equipment used to extract DNA from all samples. Each sample and all controls were analyzed in triplicate for the presence of the target species Cytb mitochondrial gene using species-specific brook trout qPCR primer and probe set and laboratory methods described in Bergman et al. (2016) . Each 10 lL qPCR reaction was conducted as described previously. Thermocycling was performed using a Bio-Rad CFX 96 Real time System (Bio-Rad Laboratories, Inc.) with the following profile: 10 min at 95°C, 40 cycles of 15 s denaturation at 95°C and 1 min extension at 60°C. Field collection controls (i.e., blanks) and a positive DNA template were also used. Positive control reactions consisting of target species genomic DNA template were tested in parallel to ensure consistent PCR performance. All PCR master mixes were made inside a UV-sterilized PCR enclosed workstation. The DNA template was added to the master mix outside of the UV PCR workstation on a dedicated PCR set up workbench. All PCR reactions were conducted on instruments located outside of the main lab in a separate portion of the building. Results of the qPCR reactions were analyzed using BioRad CFX manager v3.1 (Bio-Rad Laboratories, Inc.), with the magnitude of the qPCR signal (''detection strength'') reported as the number of quantification cycles (C(q)). C(q) is defined as the number of PCR cycles required for reaction fluorescence to exceed background fluorescence. The results of the qPCR reactions were analyzed using BioRad CFX manager v3.1 (Bio-Rad Laboratories, Inc.). Target species DNA was considered to have been detected in a sample if any of three replicates had C(q) \ 40.
Statistical analysis
The goal was to determine a sampling protocol for reliably obtaining positive detection of the target species, given its known presence and location. We initially considered sampling location (a proxy for stream gradient), distance from source, filtered volume, and number of replicate samples as primary predictors of the strength and probability of detection. During sampling events in 2016, poor water quality conditions resulted in the combination of multiple Sterivex filters into the same eDNA sample in order to obtain the target filtered volume of water. It was unclear how (or if) this combination process affected the probability of eDNA detection in an individual sample, and how (or if) this was confounded by distance and sampling site. To reduce bias associated with this uncertainty, these multi-filter samples were removed from the data presented in Fig. 2 and Table 2 , which summarizes the remaining 53 samples collected from 2015 through 2017. Because this left an uneven distribution of replicate samples across distances and gradients, distance from source and stream gradient were held constant for statistical modeling. For modeling, only samples taken at 500 m using a single filter per sample from Lake Creek were used. This included 37 samples from 2017, and two samples from 2015, for a total of 39 samples in the model dataset.
We chose a Bayesian statistical approach because it allowed us to model detection strength (a continuous variable with an upper bound, preferable to modeling detection as a binary variable) and simultaneously examine whether high-volume samples or high-replicate samples resulted in more positive (binary) detections than low-volume or low-replicate samples. The employed Bayesian framework made this distinction possible through the derivation of a distribution of binary detection probabilities across volumes and number of replicates from the posterior probability distribution of modeled detection strength. The multivariable linear model was written in the Stan programming language and fit using the rstan package (Version 2.17.3) in the statistical computing software R (Version 3.5.1). Model fit diagnostics included posterior predictive checks, inspection of the potential scale reduction statisticR À Á and effective sample size n eff À Á , and verification that Markov Chain Monte Carlo chains were well-mixed and stationary. Model code is available from www.github.com/fishsciences/ BPT_eDNA.
Equally important to estimating the probability of a positive detection is estimating that of a false negative detection (i.e., failure to detect eDNA when the target species is in fact present). We estimated a detection rate from the observed frequencies of detection across volumes and number of samples and extrapolated that linearly across a potential sampling regime in order to guide future sampling efforts.
Results
qPCR assay validation
Primer and probe optimization for the brook trout assay determined that an initial concentration of 900 nM for both the forward and reverse primers and 3 lM for the probe to be the optimal assay concentrations. Manufacturer recommended qPCR cycle conditions were retained and used for all analyses. All templates derived from known brook trout fin clips were detected with the brook trout species qPCR assay developed for a mitochondria cytochrome b gene locus (Table 1) . No contamination was observed in the no-template samples. In-silico specificity BLAST results showed that the brook trout Cytb assay had significant sequence similarity with closely related coexisting species. The in vitro specificity test confirmed in silico results and showed no cross reactivity of the brook trout assay when other common fish species were used as templates. The brook trout assay reliably detected brook trout DNA at a concentration of 0.0002 ng/lL with and average Table 1 ). Twenty-nine eDNA samples collected in the fall from Lake Creek (Site 1 filter broken), as well as the nine High Lake eDNA samples, tested positive for brook trout DNA (Supplemental Table 1 ). These were the expected results as brook trout were observed at all sites, ranging in density from 0.20 to 1.1 brook trout per meter ( Supplemental Table 1 ). There was a poor correlation between estimated brook trout density and brook trout eDNA concentration within water samples, suggesting no apparent relationship between the measures (data not shown).
eDNA detection across samples
With the exception of the 8.0 L single-filter sample collected at 1000 m from point source, all water filtration volumes had positive detections of target species DNA in at least one eDNA template technical replicate, with several volumes having DNA detections within all technical replicates (100% detection of eDNA; Fig. 3 ). On average, target species DNA was detected 62% of the time across all sampled volumes and distances. The observed frequency of positive and negative detection across volumes is visualized in Fig. 4 .
Modeling results
Neither volume, number of samples, nor their interactions were reliable predictors of the strength or probability of detection (Table 3 ). When the modeled detection strength was used to generate a distribution of binary detection values across different volumes and number of replicates per sampled volume there were no discernable differences in likelihood of positive or negative detection between modeled volumes or number of replicates per volume, regardless of average C(q) value (average detection strength of three technical replicates). The probability of detecting target species DNA in any single filter was estimated to be 0.84 (0.67-0.95 95% CI; Table 3 ). Average C(q) values of the samples used in the model dataset is plotted by volume in Fig. 4 .
Discussion
This project demonstrated that genetic material naturally shed by fish into the environment can be reliably collected in eDNA (water) samples without directly interrogating individual organisms. While many methodological uncertainties have been recently overcome and the use of eDNA technology has expanded tremendously in the last 5 years as a monitoring tool (Rees et al. 2014; Roussel et al. 2015; Hänfling et al. 2016; Deiner et al. 2016) , it was previously unclear what the maximum downstream distance might be for reliable detection of brook trout in the Upper Malheur Watershed. This approach and the resulting information can be applied to sampling designs that aim to minimize monitoring costs and maximize detection probability under a range of eradication scenarios. Our model suggested that given ambient conditions in the Malheur Watershed, when the target species was present within 500 m, the probability of detecting target species DNA in any single filtered volume was approximately 0.84 (0.67-0.95 95% credible interval; Table 3 ). This detection distance was greater than previous observations for brook trout (Jane et al. 2015; Wilcox et al. 2016 ) but lower than that of Civade et al. (2016) who looked at a diverse fish assemblage. For comparison, Jane et al. (2015) detected fish at up to 300 m, and Wilcox et al. (2016) estimated a 0.18 probability of detection per sample per fish per kilometer stream, also using brook trout. Both these estimates were considerably lower than the 0.84 probability of detection per sample per fish at 500 m in our study. However, Wilcox et al. (2016) also reported very high detection probabilities for brook trout when sampling at population-level densities (e.g. probability of detection[ 0.99 at densities of C 3 fish per 100 m). Such results further support the effectiveness of using waterborne eDNA sampling to characterize presence or absence of important target species.
In practice, when an environment is associated with 84% detection probability for a single fish, as seen in this study, collecting two samples theoretically provides an approximate 97% probability of detection, given that a fish is actually present. Of course, there is stochasticity around individual observations, with precision being of practical importance under any eradication scenario. The eDNA samples used in our model were taken from a fixed distance in a single high-gradient stream environment, and although Fig. 3 Average C(q) (cycle quantification, a measure of detection strength) across volumes in the model dataset. Negative detections (Avg C(q) C 40) are grouped on the x-axis so that the number of negativedetection samples can be compared visually across volumes. Volume was not a reliable predictor of binary detection probability in this dataset, likely because of few negative samples across volumes Fig. 4 Observed proportions of positive and negative detections for all volumes, distances and years samples spanned different seasonal hydrological conditions, in situations where high levels of confidence are desired (e.g. 99.9%), up to five replicate samples may be required (Fig. 2) .
In theory, high-volume samples should have higher probabilities of positive detection relative to lowvolume samples taken at the same distance from the source because the strength of detection is a function of the amount of eDNA captured on the filter. However, when the modeled detection strength was used to generate a distribution of binary detection values across different volumes and number of replicates per sampled volume, all volumes and numbers of replicates generated more positive than negative detections. This indicated that we did not record enough instances of negative detections across volumes and/or number of samples to be able to reliably estimate covariate effects on positive or negative detection; most samples in the model dataset were positive for eDNA. While the high detection rate of target species eDNA renders a conclusion regarding the effect(s) of sample replication and filtration volume on detection ambiguous for the Upper Malheur River Basin, in practice, these results suggest that moderate sampling frequency (e.g. 3-5 samples at a fixed volume and 3 technical replicates per sample) is adequate to detect a single fish at 500 m with high probability (Table 3) . Although we did not model distance from source explicitly, fixed volume (2.0 L) samples across varying distances (0-1000 m) reveled a decline in rate of detection with increasing distance, as would be expected.
The Burns Paiute Tribe has a goal of eradicating invasive non-native brook trout from the Upper Malheur River Watershed. An integral part of meeting this goal is the development of cost effective means to monitor eradication success. To increase the probability of success, the Burns Paiute Tribe endeavored to develop sampling procedures specific to local stream conditions to detect species presence post-removal and as a means for early detection of new invasions. The research reported here is a part of the framework for monitoring species distribution using eDNA. By critically evaluating effective eDNA sampling procedures, the Burns Paiute Tribe seeks to maximize the potential of this technology.
Using piscicides to control unwanted or invasive fish can be a desirable option due to its ability to quickly achieve eradication. Although piscicide application is a tool that has been effective in streams, lakes, and ponds throughout the western US for decades, methods for determining success immediately following treatment have remained unreliable and often haphazard. Results presented here suggest that duplicate or triplicate water samples of 1.0 L filtered at 0.5 km intervals will detect the presence of a single fish across a variety of stream conditions with high probability. Furthermore, it is feasible for each proposed treatment area in the eradication strategy to be comprehensively sampled using established eDNA procedures in a single day. The adopted procedure reported here was developed in tributaries to the Upper Malheur River in eastern Oregon. Experiments were strategically repeated during each of three consecutive years to incorporate a broad range of stream conditions resulting from variability in seasonal and annual flow patterns. Since eDNA was detectable across stream conditions during this experiment, we conclude that this procedure will be applicable to streams outside Estimates are presented on the outcome scale (i.e., quantification cycles), except for the estimate for mean probability of detection, which is presented on the probability scale. Credible intervals were calculated using the quantile method our project area, although site-specific detectability may differ. In Lake Creek, up to 4.0 L of water could pass through a single filter without clogging. This resulted in capturing a large amount of organic material in the filter and may have overloaded the DNA extraction affinity column, thereby reducing the ability of the product to isolate purified DNA (reduced yield). This is consistent with the manufacturers guidelines recommending that a maximum of 2.0 L should be filtered through the Sterivex TM 0.45 lm filter. Streams with higher turbidity may be particularly problematic due to the design specifications of the filters used. If suspended sediment or biological turbidity (e.g. algal density) in a stream is high, filters may become clogged before a 1.0 L sample volume is obtained. In this case, we recommend prioritizing replicates over volume; that is, collecting 4-6 lowvolume samples (50-500 mL) per site.
Results of this study represent the minimum detection likelihood for a single fish within 500 m. In a real-world scenario, probability of detection may be substantially higher when using this protocol. In our experiments, a single fish was placed at the maximum distance away from the sampling point in a stream reach that was otherwise clean of the species. This is unlikely to be the case under most circumstances in which sampling would occur. Further, the test fish was only in the stream for 16-24 h prior to sampling. Shedding of eDNA is a continual process throughout the life of fish. Therefore, only sampling soon after a fish is placed in the water may underestimate detectability in a natural setting where fish are in the water over a longer term. Additionally, eDNA is more readily available in the water during certain times of the year such as spawning. Thus, sampling efforts should be focused during these times to increase the probability of detecting target species DNA when feasible.
Specific to piscicide application, post-treatment, large quantities of fish carcasses will remain in the water, shedding large quantities of DNA into the environment as decay occurs. Over time, the eDNA would be flushed out of the system and/or degrade to the point that it is no longer detectable in the water. At this time, managers would be able to systematically sample the water body for DNA at established volumes and intervals to determine treatment success. However, further investigation is needed to determine the rate at which dead fish would decay beyond the point of detectability following piscicide application.
In conclusion, this study provided conclusive empirical proof-of-concept results for a protocol to successfully use eDNA to detect a target species of fish in running water, provide an estimate of the sensitivity of this detection, and assess the relative importance of the parameter sample volume and size, and the number of samples. Based on results of this study, the use of eDNA analysis that includes qPCR and a speciesspecific probe appears well-suited for determining presence/absence of brook trout in running water. The procedure provides a low-cost, rigorous, and logistically feasible protocol for the use of eDNA in remote locations to help remedy key data gaps pertaining to current species range. This approach and the resulting information can be used to enhance effectiveness monitoring of fish eradication efforts.
